Time-of-Flight Spectrometry
To determine the kinetic energy of the hydrogen (deuterium) molecules expanded in the supersonic molecular beam, we used time-of-flight (TOF) spectrometry. 1 To this purpose, the molecular beam is chopped into pulses by a chopper wheel with a short duty cycle. The measured TOF distributions are thus a convolution of the native velocity distributions with the chopper gating function. The larger the duty cycle, the more the chopper gating function will dominate the TOF spectrum. The chopper gating function is described by:
with R the radius of the molecular beam and x the displacement of the slit in the chopper wheel. The duty cycle of the chopper wheel used in our TOF experiments is 0.5%. The chopper wheel is spun at a frequency of ∼ 230 Hz. To the chopper wheel a photodiode is attached, which starts the TOF experiment. Since the sensor is attached close to the slit, there is a time difference between the start of the measurement and the first molecules flying through the slit. This time difference we call ∆t trig . In addition, we have to correct for the fact that we trigger at the edge of the slit, instead of in the middle of the gas pulse. This time difference we call ∆t corr . This correction is calculated by the ratio of half the slit width and the circumference of the chopper wheel divided by its frequency, i.e.
The molecules in the expansion are detected by a differentially pumped quadrupole mass spectrometer (QMS), which is placed in line-of-sight with the molecular beam. The molecular beam diameter is skimmed upstream to match the entrance orifice of the QMS's rods.This QMS can be moved over a length of 20 cm, so the flight path of the gas molecules can be varied between 30 and 50 cm.
In addition to the offset caused by the time difference between sensor signal and actual molecules, we also have to take into account the following: The arrival point of the flight S2 distance of the molecules is the ionizer of the QMS and not its multiplier. This time difference we call ∆t QM S . Therefore, the total mean flight time t total of the molecules is given by:
where t T OF is the mean flight time we are interested in. In ∆t elec we include all offsets that might be caused by electronic delays in the photodiode sensor or the multichannel scaler that is used to record the TOF spectra. A detailed explanation of how to determine the different contributions to the total flight time is given in Ref. 2 With these methods we determined a trigger delay of 0.06 ± 0.0008 τ /2 ms, a correction of 0.001 τ , an electronic delay of zero, and a delay in the QMS of 0.011 ± 0.0006 ms for H 2 . This delay is dependent on the extraction potential of the ionizer. We used an extraction potential of 250 V . Here τ is the time it takes the chopper wheel to complete one cycle.
For a gas pulse that is approximated by a delta function, the velocity distribution for a density-sensitive detector can be described with:
We converted this function to the time domain via:
Using v = L/t and dv ∼ t −2 , Eq. 4 can be rewritten as:
Here α is the half width at 1/e. However, since we used a density-sensitive detector, the S3 response of the QMS is given by:
The time t in this equation is the actual flight time for the molecule as a neutral and had therefore to be corrected for the delays described above. In addition, since we do not detect a delta-function-like gas pulse, we added 12 of these g dens (t) functions, each separated by 2 µs and scaled with the appropriate amplitude as a model for the convolution with the gating function. Hence, we fit the TOF data in the time domain with the following function:
Here, the expansion coefficients assume the following values: A 1 = 0.00361, A 2 = 0.02690, functions. For example, M B 1 is defined as follows:
where L is the path length of the molecules, t extra is the sum of the delays as described above, and α is the half width at 1/e. t is then the actual flight time we are interested in.
To calculate the kinetic energy of the hydrogen (deuterium) molecules, we converted the velocity distribution to the energy domain via:
where E = mv 2 /2. The energy of the molecules was then taken from the peak position of S4 the energy distribution (the most probable kinetic energy). The width in energy (the error bars in the horizontal direction) was taken from the 68% confidence interval of the velocity distribution. Since the energy spread within the molecular beam is not symmetrical, this results in different error bars in the + and -directions.
To obtain the wide range of energy as presented in this paper for the Pt(211) surface, we applied the technique of (anti)seeding. When mixing the desired gas with a gas that is heavier (antiseeding), the kinetic energies of both gases will decrease. When mixing the desired gas with a lighter gas (seeding), the kinetic energy will increase. For H 2 only antiseeding techniques can be applied, since it it the lightest gas that exists. Deuterium can be seeded in hydrogen to increase its kinetic energy. The theoretical value of the mean energy of a(n) (anti)seeded beam can be computed assuming ideal behavior:
Here m is the atomic/molecular mass, x is the mole fraction, k B is the Boltzmann constant, and T n is the nozzle temperature. The 'real' measured value will always differ slightly from the theoretical value. This is caused by the so-called velocity slip. In the ideal case, both the desired gas and the carrier gas will have the same mean velocity. However, in reality, the heavier molecules will move slower due to non-ideal behavior of the expansion mixture.
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This accounts for a change in measured kinetic energy compared to the theoretical value.
When using nitrogen as a carrier gas, we noticed that more hydrogen molecules are removed from the axis of the molecular beam, causing a larger deviation from ideal behavior than when (anti)seeding in noble gases as helium and argon. When using helium and argon as carrier gases the deviation from ideal behavior is at most 9%. For nitrogen this is at most 20%.
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For the experiments described here, we created a well-defined supersonic molecular beam by expansion of H 2 or D 2 from ∼ 1 bar through a 43 µm nozzle and subsequent collimation using a series of orifices and skimmers, into the ultrahigh vacuum chamber. The molecular beam energy was controlled by the variable temperature of the expansion nozzle (from room temperature to 1700 K) and (anti)seeding techniques.
